In order to clarify the formative mechanism of weld penetration in an arc welding process, a numerical model is useful to understand quantitative values of the balances of mass, energy and force in the welding phenomena. In the present paper, the whole region of welding process using a free-burning arc, namely, tungsten cathode, arc plasma and weld pool is treated in a unified numerical model to take into account the close interaction between the arc plasma and the liquid metal. Calculations are made for the time dependent development of the weld pool for the free-burning arc in helium at atmospheric pressure. It is shown that the calculated convective flow in the weld pool is dominated by the surface tension gradient force and the electromagnetic force. It is also shown that different surface tension properties can change the direction of re-circulatory flow in the weld pool and dramatically vary the weld penetration geometry.
Numerical Analysis for Weld Formation Using a Free-Burning Helium Arc at Atmospheric Pressure

Introduction
The presence of surface active impurities, such as oxygen, sulfur, selenium, etc., in the base material is well known to affect the geometry of the weld bead (1) . These surface active elements mostly increase the penetration depth (1) . Katayama et al. (2) directly observed the phenomena of convective flow in the weld pool by using a microfocused X-ray transmission method during arc welding process. They confirmed that different sulfur contents inverted the direction of convective flow in the weld pool of the same type 304 stainless steel. An outward fluid flow was observed in the case of the low sulfur content (40 ppm), whereas an inward fluid flow was observed in the case of the high sulfur content (110 ppm). It was confirmed that the difference in flow direction in the weld pool dramatically changed the geometry or depth/width ratio of weld penetration. However, there is still a lack of understanding the physical behavior of driving forces of the convective flow in the weld pool, although a number of mechanisms of the driving forces have been pro-posed (3) - (8) . Our previous paper (9) presented the numerical analysis for weld formation using a free-burning arc in argon and showed that calculated convective flow in the weld pool was mainly dominated by the drag force of the cathode jet and the surface tension gradient force as compared with the other two driving forces, namely, the buoyancy force and the electromagnetic force. We concluded that different surface tension properties changed the direction of re-circulatory flow in the weld pool and dramatically varied the weld penetration geometry (9) . The different conditions of the arc current, the conical angle of tungsten electrode tip, the arc gap between electrodes and the gaseous atmosphere in the free-burning arc also affect the weld penetration geometry and volume (10) , because a balance of the above driving forces of the convective flow in the weld pool should be changed with different heat transfer from the arc to the weld pool (11) - (13) . Helium is used more often than argon for achieving the deep penetration of weld due to the greater heating power of the free-burning arc in helium compared with argon in the same arc current (10) , (14) . In the present paper, the whole region of welding process using the free-burning arc, namely, tungsten cathode, arc plasma and weld pool is treated in a unified numerical model to take into account the close interaction between the arc plasma and the weld pool. The basic model and procedure are the same as our previous pa-per used (9) , but extended to employ different gaseous atmosphere. We give predictions of the time dependent two-dimensional distributions of temperature and velocity in the whole region of the welding process using the free-burning helium arc at atmospheric pressure. We also give predictions of the weld penetration geometry of stainless steel with assumptions of surface tension of molten SUS304 containing low sulfur and high sulfur.
A Unified Arc-Electrodes Model and Numerical Method
The tungsten cathode, arc plasma and anode are described relative to a cylindrical coordinate, assuming rotational symmetry around the arc axis. The calculation domain is shown in Fig. 1 . The flow is assumed to be laminar, and the arc plasma is assumed to be in the local thermodynamic equilibrium (LTE). Furthermore, the anode surface is assumed to be flat and unperturbed by the arc pressure. The diameter of the tungsten cathode is 3.2 mm with a 60 degrees conical tip.
The mass continuity equation is
the radial momentum conservation equation is
the axial momentum conservation equation is 
the energy conservation equation is ∂ρh ∂t
the current continuity equation is 1 r
the Ohm's low is
and Maxwell's equation is 1 r
where t is time, h is enthalpy, P is pressure, v z and v r are the axial and radial velocities, j z and j r are the axial and radial component of the current density, g is the acceleration due to gravity, κ is the thermal conductivity, c p is the specific heat, ρ is the density, η is the viscosity, U is the radiation emission coefficient, σ is the electrical conductivity, B θ is the azimuthal magnetic field, µ 0 is the permeability of free space, E r and E z are respectively the radial and axial components of the electric field defined by E r = −∂V/∂r and E z = −∂V/∂z, where V is electric potential.
Calculations at points on both electrode surfaces would need to include the special process occurring at the surfaces. Thus, additional energy flux terms need to be included in Eq. (4) at each electrode surface for thermionic heating and cooling from the electrons, ion heating, and radiation cooling. The additional energy flux for the cathode H K and for the anode H A are
and
respectively. Here ε is the surface emissivity, α is the Stefan-Boltzmann constant, φ K is the work function of the tungsten cathode, φ A is the work function of the anode, V i is the ionization potential of helium, j e is the electron current density, and j i is the ion current density. We calculate the electron saturation current density at the cathode surface by thermionic emission of electrons j R from the Richardson-Dushman equation (11) . The ion current density j i is then assumed to be | j| − | j R | if | j| is greater than | j R |; where | j| = | j e | + | j i | is the total current density at the cathode surface obtained from Eq. (5) .
At the anode surface, BE in Fig. 1 , there are two sources of radial momentum. The first is the drag force, namely, the shear stress which is applied by the cathode jet on the surface of the weld pool, and the second is the surface tension gradient force. The drag force is already reflected in Eq. (2) for the radial momentum conservation. The viscosity η makes the drag force at the anode surface. Therefore, the surface tension gradient force would need to be included in the radial momentum conservation at points on the anode surface, BE. In most cases, the difference in surface tension arises from the temperature variation at the weld pool surfaces (7) , and then the surface tension gradient force ξ can be expressed by
where γ is the surface tension of the weld pool. Therefore, the additional term for Eq. (2) at the anode surface F A is
In the present paper, we assumed that the anode was a stainless steel SUS304 and two types of the surface tension gradient of molten SUS304 as shown in Fig. 2 (6) . Figure 2 (a) is a suitable surface tension gradient for SUS304 containing low sulfur and Fig. 2 (b) is for high sulfur.
The detailed boundary conditions and numerical method are detailedly given in our previous paper (9) . Within both solid electrodes, we set v r = v z = 0. In the molten anode, both components of the velocities, namely v r and v z are calculated from the momentum conservation equations in the regions where the temperature is more than the melting point of SUS304. The melting point is assumed to be 1 750 K. Furthermore, we set v z = 0 at the anode surface, BE, in Fig. 1 . The temperatures at boundaries CD, DE, EF, and FA in Fig. 1 are taken to be the same room temperature, namely, 300 K. The electric potential is set to zero at the base of the anode, CD, in Fig. 1 . We assume that the stable free-burning helium arc is instantaneously produced at zero time and we do not take into account the phenomena of the arc ignition. The initial temperature of the stainless steel, namely, the area of BCDE in Fig. 1 is assumed to be 300 K. In order to avoid the problem that the equilibrium electrical conductivity is effectively zero in the plasma close to the anode owing to the low plasma temperature, we approximately employ a large mesh size of 0.5 mm at the plasma bordering the anode surface because we assume the existence of LTE for the whole arc region. Sansonnens (15) showed that the electron density was only significantly different from the LTE values for distances within 0.1 mm of the anode. Then, the mesh size bordering the anode surface is roughly required to be 0.5 mm for the enough average of electrical conductivity in the plasma close to the anode.
The differential equations (1) to (7) are solved iteratively by the SIMPLEC numerical procedure (16) for the whole region of the arc welding process as shown in Fig. 1 .
Results and Discussion
There are four driving forces of fluid flow in the molten anode (17) . These are the drag force of the cathode jet on the liquid surface, the buoyancy force, the electromagnetic force due to the self-magnetic field of the arc current in the weld pool, and the surface tension gradient force of the anode materials, as shown in Fig. 3 (17) . These driving forces depend not only on the physical properties of the anode materials but also the properties of the plasma state (18) . In order to obtain an assessment of the relative significance of these four forces, we have made the calculations for the steady state under the conditions of arc current 150 A and arc gap 5 mm, and with only one of the four forces operating. Terms in the computer code for the other three forces in the weld-pool are set to zero. Results are shown in Fig. 4 . Each maximum velocity for drag, buoyancy, electromagnetic and surface tension gradient force is suggests that the calculated convective flow in the weld pool is dominated by the electromagnetic force and the surface tension gradient force. It also suggests that a balance between these two driving forces should dominate the direction of re-circulatory flow in the weld pool using the free-burning arc in helium. Our previous paper (9) showed that calculated convective flow in the weld pool using the free-burning arc in argon was mainly dominated by the drag force of the cathode jet and the surface tension gradient force as compared with the other two driving forces, namely, the buoyancy force and the electromagnetic force. Figure 5 shows the shear stress at the anode surface by the drag force of the cathode jet for a 150 A in arc current, in the cases of ar- Fig. 6 Radius distributions of current density at the surface of water cooled copper anode with arc root radius R Ar and R He including 90% of a total arc current 150 A for argon arc and helium arc gon and helium for a water cooled copper anode. These calculations were also made in the steady state, and the same mesh size at the plasma bordering the anode surface was employed for the argon arc, too, assuming LTE for the whole arc region. The maximum shear stress for argon arc is 38 Pa but that for helium is only 8 Pa. For a simple evaluation of the surface tension gradient force, we use Eq. (10) and obtain 46 Pa for 0.46 mN/mK in temperature coefficient of surface tension given by Fig. 2 , 500 K in temperature difference and 5 mm in weld pool radius which are approximately given by Fig. 4 . This value could be equivalent to the drag force of the cathode jet for argon arc. On the other hand, Fig. 6 shows the radius distributions of current density at the surface of water cooled copper anode for argon arc and helium arc at a 150 A in the same arc current. The radius including 90% of total arc current at the anode surface is defined as an arc root radius and its values are also shown in Fig. 6 . The current density in helium arc is much intense than that in argon arc. The arc root radius in argon R Ar is 4.5 mm but the R He in helium is only 2.1 mm. Figure 6 shows that the helium arc is remarkably constricted in comparison with the argon arc. Figure 7 shows the electromagnetic pressure for variation of the arc root radius at a 150 A in arc current. We simply use the analytic formula for a cylinder of uniform current density, namely, µ 0 I 2 /4π 2 R 2 ; I is the total current and R is the cylindrical radius (19) . The electromagnetic pressure within the weld pool for helium arc should reaches about 160 Pa due to the constricted arc root radius R He , but the electromagnetic pressure for argon arc should be only about 35 Pa. This is a reason that the electromagnetic force in the weld pool becomes a major force in the free-burning helium arc. The electrical conductivity for helium plasma is significantly smaller than that of argon plasma for T < 10 000 K due to the higher ionization potential of He (20) . For example, the electrical conductivity at 8 000 K is about only 1 A/Vm for helium plasma but about 1 000 A/Vm for argon plasma (20) . However, the electrical conductivity exponentially increases with plasma temperature due to the increase of ionization degree in the plasma (20) . It is safely considered that the arc current for helium arc can exist in the only arc axis area because of higher electrical conductivity arising from higher plasma temperature and then the arc constriction in helium is appeared as shown in Fig. 6 . Figure 8 represents the time dependent two-dimensional distributions of temperature in the whole region of the stationary welding process using the free-burning helium arc for a 150 A in arc current at 1, 5, 10 and 20 seconds after arc ignition, in the case of low sulfur content. The derived maximum temperatures of the tungsten cathode and arc plasma are largely independent of time and are 3 500 K at the tip of the cathode and 19 000 K on the Fig. 7 Electromagnetic pressure given by an analytic formula for a cylinder of uniform current density for variation of arc root radius at a 150 A in arc current Fig. 8 Predicted time dependent temperature contours for a 150 A in helium arc welding of SUS304 containing low sulfur arc axis. The weld penetration increases with the elapse of time, and the maximum temperature of the weld pool becomes above 2 500 K at the center of the anode surface at 20 s after arc ignition. Figure 9 also represents the time dependent two-dimensional distributions of fluid flow velocity for the same conditions at the same times after arc ignition. The maximum calculated velocity of the cathode jet in the arc plasma reaches around 300 m s −1 independent of time. This velocity is higher than that for argon arc which is around 200 m s −1 (9) . However, the kinetic energy of the cathode jet for helium arc is smaller than that for argon arc because of the atomic mass difference of them, and then the difference of the shear stress at the anode surface by the cathode jet has been found in Fig. 5 . In Fig. 9 , there are two re-circulatory flows in the weld pool, namely, an inward fluid flow close to the center and the inner of the weld pool and an outward fluid flow at the surface of the weld pool. This inward fluid flows is caused by the electromagnetic force owing to the intense current density at the anode surface. The outward fluid flow is principally caused by the surface tension gradient force with a normal negative temperature coefficient. Finally, both driving forces dominate the re-circulatory flows in the weld pool, and then a special geometry of weld penetration with deep center but shallow circumference is appeared at 20 s after arc ignition as shown in Figs. 8 and 9. Figures 10 and 11 represent the same distributions with Figs. 8 and 9. The SUS304 containing high sulfur as shown in Fig. 2 (b) is assumed in these cases. The twodimensional distributions of temperature and fluid flow velocity in the plasma region are similar values with Figs. 8 and 9 which were in the case of low sulfur content. However, the geometry of the weld penetration is dramatically changed by comparison with that in the case of low sulfur. The weld penetration increases with the elapse of time. Figure 11 represents a numerical result correspond- for argon arc, the weld formation is more complicated because two different directions of shear stress exist at the weld pool surface (9) . The first is outward force by the drag force of the cathode jet and the second is inward force by the surface tension gradient force. These two driving forces at the weld pool surface demonstrate the complicated re-circulatory flow in the weld pool, and then the penetration depth of weld is smaller than that for helium arc, as shown in Figs. 10 and 11, due to obstacle to the inward fluid flow (9) . Figure 12 shows predicted weld depth profiles after 20 s, compared with experimental results, for both low and high sulfur steel. The experimental results were taken after 20 s of arcing for the same conditions as the calculation. The anodes were disks, 50 mm in diameter and 10 mm in thickness, of SUS304, mounted into a watercooled copper plate. The sulfur contents of each SUS304 anode were 40 ppm and 220 ppm, respectively. There is approximate agreement between the predicted and experimental geometries of weld penetration. We consider that the agreement between the theoretical predictions and the experimental weld profiles of Fig. 12 is very good, considering that there are sure to be differences between the values of surface tension as a function of temperature of the experiment and the idealized linear relationships with temperature of Fig. 2 used in the theoretical predictions. Furthermore, differences will also exist between the other physical properties of thermal conductivity, specific heat, and viscosity taken from the literature (9) , (20) and those occurring in the experiments.
Conclusions
1 ) The whole region of welding process using a freeburning helium arc, namely, tungsten cathode, arc plasma and weld pool has been treated in a unified numerical model.
2 ) The time dependent two-dimensional distributions of temperature and velocity were predicted, together with the weld penetration as function of time for a 150 A arc.
3 ) It was shown that the calculated convective flow in the weld pool was dominated by the electromagnetic force and the surface tension gradient force as compared with the other two driving forces, namely, the buoyancy force and the drag force of the cathode jet.
4 ) It was also shown that a balance of these driving forces could change the direction of re-circulatory flow in the weld pool and dramatically varied the weld penetration geometry.
